Three or four percent of the wild flies in natural populations of D.
sterile flies which were homozygotes for identical sterility genes, and to compare this with the total frequency of sterile flies in natural and cage populations. Several sterility genes are shown to have been maintained in the populations for at least two years. Linkage relations, pleiotropism, dominance of sterility genes and environmental effects are discussed.
MATERIALS AND METHODS
Two populations of D. melanogaster were used. One was natural and the other was a cage population. Wild flies were collected three times (October of 1968 , July of 1970 , October of 1970 3t several sites in Katsunuma, Japan. The cage population was constructed in January of 1968 with 20 strains which had been isolated from Katsunuma in October, 1967. The strains were homozygous for second chromosomes with normal viability and without sterility. Flies were collected three times (at 430 days, 720 days, and 1374 days) from the cage population.
Sampled male ur female flies were crossed individually to three Cy/Pm females or males. When no larvae were detected for five days after a cross, the Cy/Pm flies were renewed and the test was continued for another five days. If no larvae were found in these ten days, the wild fly being tested was classified as sterile. If a fly being tested did during the first five days, it was omitted from the data.
A single Cy male fly from each cross was mated again with three Cy/Pm females, and three Cy females were crossed to Cy males in the next generation (F2). In the F, generation, Cy and non-Cy flies emerged. The non-Cy flies were homozygotes for a second chromosome which originated in a wild fly. Genetic backgrounds (X, 111, IV chromosomes) were made up of random chromosomes from the same populations, because the genetic backgrounds of Cy/Pm flies had been substituted with chromosomes from the same population. Five non-Cy male flies of each line were crossed in a vial with five virgin females of the Oregon-R strain. When no larvae could be found after five days, all the females were renewed and the test was continued for another five days. When no larvae could be found in these successive crosses, the same test was repeated in the next generation to confirm complete sterility. Tests for female sterility were performed by crossing with Oregon-R males in the same manner.
Sterile second chromosomes were maintained by the "Cy-balanced" system in the laboratory. Allelism between sterility genes of these chromosomes was tested by crossing double sterile heterozygotes (sti/sti) to Oregon-R flies and determining their sterility as above. Half diallel crosses were performed between the sterile chromosomes collected at the same time, and complete diallel crosses were made between the sterile chromosomes of different collections.
All experiments were undertaken at 25"C, using a good medium composed of cornmeal, agar, molasses and yeast.
RESULTS
Frequency of wild sterile flies in the populations: In Table 1 (P) are shown the frequencies of wild sterile flies in natural and cage populations. Three to five percent of the wild males and three to eight percent of the wild females from Katsunuma were sterile. On the other hand, the frequency in the cage population increased from one and one-half percent to three percent in both sexes during about 300 days. The population at 430 days was still in the process of accumulating mutations, but at 720 days the population seemed to be in genetic equilibrium ( WATANABE, unpublished).
HOENISBERG, CASTRO and GRANOBLES (1 969) reported that zero to nine percent of heterozygous flies for second chromosomes from several Colombian natural populations were sterile. The mean frequency of sterile flies among heterozygotes 1968,1969. seemed to be three to four percent of males and females. TEMIN (1966) also observed heterozygous sterility in several cultures whose second chromosomes were derived from a U.S. natural population.
Thus, in the equilibrium populations, three to four percent of wild flies seemed to be sterile. No significant differences in the frequency of sterility between sexes were found.
Frequency of second chromosomes carrying sterility genes: The fertilities of most lethal-free second chromosomes were tested in homozygotes. Table 1 (Q) gives the frequencies of second chromosomes which carried recessive sterility genes. Male-sterile chromosomes were generally more frequent than female ones, with the exception of the Katsunuma population from October, 1970. Table 1 . They were remarkably high except for males from Katsunuma from July, 1970, and for females from the cage. The high allelism rates were obviously due to specific sterility genes which were found in many chromosomes. Table 3 records the number of appearances of each sterility gene in the population samples. A male sterility gene, ms 801, was found in 13 chromosomes in October, 1968. Every population sample had such specific sterility genes: ms 802 and fs 801 in October, 1968; f s 101 in July, 1970; ms 201 and fs 801 in October, 1970; ms c 1 and ms c 10 in the cage population. SWEET and SPIES (1962) reported a single sterility gene that existed at high frequency in a cage population. The persistence of the sterility genes in the populations and the linkage relationships among them are of particular interest. Some of the most frequent sterility genes were detected in the same population after many generations. The male sterility gene ms 801 and the female sterility gene fs 801 were found repeatedly in the Katsunuma population. In the cage population, ms c 1 was detected at 430 days and at 720 days. Unfortunately, we did not test allelism between the sterility genes at 1374 days and those at 430 days and 720 days, SO it is possible that ms c 1 might be one of the male sterility genes found at 1374 days (ms c 10 to ms c 16). Three male sterility genes (ms 102, ms 103, ms 104) persisted in the Katsunuma natural population over the three months from July, 1970 to October, 1970 In every population chromosomes which led to sterility in the homozygotes of both sexes were detected. Table 4 shows the numbers of chromosomes causing no sterility (fertile), male sterility, female sterility and sterility in both sexes. Expected numbers were calculated under the assumptions that male sterility genes and female sterility genes are independent and that no genes cause sterility in both sexes. The number of chromosomes causing sterility in both sexes was significantly higher than expected.
Since separate male and female sterility genes were not located by recombination in all these chromosomes, it is possible that in some cases a single gene induced sterility in both sexes (pleiotropism). Table 5 gives the linkage relation- Another type of double sterility was observed in three chromosomes (Chromosome number 103A-C) from Katsunuma from October, 1970. They carried two different male sterility genes which had been detected in three different single sterile chromosomes from the sample taken three months before (July, 1970) .
Thus, some sterility genes are maintained in natural populations with various types of linkage relations: double sterility; association with inversions or the rbl gene. Linkage disequilibrium might have played an important role in the excess of chromosomes causing sterility in both sexes and in the persistence of sterility genes.
Frequency of genetically sterile pies in a population: The frequency of genetically sterile flies, homozygous for identical male or female sterility genes on the second chromosome, can be calculated approximately as IQ2/2. I is the frequency of allelism between sterile chromosomes and Q is the frequency of sterile second chromosomes. And, of course, only half the flies homozygous for a sex-specific sterility gene will be sterile. The total genetic sterility, which results from homozygosity of genes on second and third chromosomes, is approximately IQz. The assumptions included in this estimation are that: frequencies of sterile third chromosomes and their allelism are the same as those of the second chromosomes; sterility genes in the first and fourth chromosomes are negligible; and that mutation rates are low enough to be of negligible importance in this calculation.
The estimated values of IQ' are shown in the last column of Table 1 . They were remarkably low compared with the observed frequencies of wild sterile flies (P) in the population samples. Only 5% or less of wild sterile flies were expected to be homozygotes for identical sterility genes. Hence, most of the wild sterility could not have originated from homozygosis for identical sterility genes, but must be due to environmental effects or to the pleiotropic and partially dominant effects of genetic factors. Table 6 shows the percentages of sterile chromosomes found in three viability groups in the homozygotes. More sterility was detected in the chromosomes showing lower viability. Normal chromosomes carried significantly fewer sterility genes. Such an association of sterility and low viability was reported by SWEET and SPIES (1 962) and by TEMIN (1966) .
DISCUSSION
About three or four percent of wild flies in populations are sterile. The frequency is the same in males and in females. TEMIN (1966) found several sterile cultures among random heterozygotes. HOENIGSBERG, CASTRO and GRANOBLES (1969) reported that zero to nine percent of heterozygotes were sterile. KOSUDA, KITAGAWA and MORIWAKI (1969) observed similar frequencies of sterile male flies in 1964 and 1965 at the Katsunuma populations. On the other hand, the expected frequency of genetic sterility due to homozygosity was about 0.2% or less in every population sample. The difference is so great that we must consider possible explanations for the gap.
One important factor is nongenetic accidents, both physiological and environmental. KOSUDA, KITAGAWA and MORIWAKI (1969) reported that the frequency of male-sterile flies increased to 14-18% at the beginning of winter in Katsunuma. HOENIGSBERG, CASTRO and GRANOBLES (1969) showed that the frequency of sterility varied with temperature. These results suggest that such environmental conditions as temperature, humidity, food, density and age of the flies might influence fertility. Environmental accidents should occur with equal frequency in both sexes. And in fact, frequencies of wild sterile flies are equal in the two sexes, supporting a major role of nongenetic factors in producing sterility. On the other hand, there is clearly a genetic component of the wild sterility. Minor frequency changes of wild sterility (P) are proportional to those of genetically sterile chromosomes (Q) . The heterozygous effects of sterility genes were not studied in these experiments. But the sterility genes used in this experiment all caused "complete sterility" and this total sterility was confirmed repeatedly. Sterility seemed mostly due to major genes. Even if the sterility genes reduce the fertility of the heterozygotes to some degree, perfect sterility in the heterozygotes due to "recessive" sterility genes would be unlikely.
However, if the heterozygous flies for recessive sterile or nonsterile chromosomes were examined by the same method of TEMIN (1966) , it might be found that some chromosomes, which produced complete sterility as homozygotes, might produce heterozygotes which are partially sterile-meaning that some individuals of this heterozygote are completely sterile. The most plausible genetic reason to explain the excess of wild sterility may be the partial dominance of fertility polygenes. In natural populations there are many semi-sterile or sub-fertile chromosomes other than completely sterile chromosomes. They would be made up mainly of accumulated polygenes controlling fertility, while the sterility would be caused by a single major gene. Polygenes usually manifest a high degree of dominance. Other workers have reported a high degree of dominance for viability polygenes ( MUKAI and YAMA- ZAKI 1964 ZAKI , 1968 MUKAI and MARUYAMA 1971) . In nature, some flies carry semi-sterility genes in heterozygous state, and their frequencies may be proportional to that of flies carrying sterility genes (GREENBERG and CROW 1960; TEMIN 1966) . Some of them would lose their fertility almost completely by the effect of partial dominance. This kind of sterility might raise the frequency of sterile flies in nature.
Spontaneous mutations of sterility genes, if dominant, might account for some of the wild sterility. However, we know of only one experiment on the rate of sterile mutations. SHAPIRO (1939) tested 2841 second chromosomes and one sterile in females was detected. In the same experiment, 18 newly arisen lethals were detected among 3132 chromosomes. This result suggests that the femalesterile mutation rate is low compared to the lethal mutation rate. In D. melanogaster populations, equilibrium frequencies of sterile second chromosomes were consistently lower than those of lethals. Do sterile mutations really occur less frequently than lethal mutation? The frequency of allelism between lethal chromosomes in the same natural population was about three to four percent (WATANABE and OSHIMA 1970) . On the other hand, the frequency of allelism between male sterility chromosomes was about four times higher than that of lethals. These results suggest that there are less sterile-producing loci than lethalproducing loci.
The linkage relationships of the sterility genes in the second chromosomes are important to our understanding of the behavior of sterility genes in natural populations. Observations of a very low association between complete sterility in males and females have been reported by PAVAN et a2. (1951) , by DOBZHANSKY and SPASSKY (1953, 1954) , by SWEET and SPIES (1962) and by TEMIN (1966) .
However, the chromosomes sterile in both sexes were observed more frequently than expected in this experiment. Among thirteen such chromosomes, eight were separable into male and female sterility genes. But in the remaining five chromosomes, we cannot neglect the possibility of pleiotropic gene action, by which a single sterility gene could induce sterility in both males and females. MUKAI, METTLER and CHIGUSA (1971) Table 5 , showed a typical case of linkage disequilibrium. Two sterility genes, two inversions and a heterotic mutant gene were detected in various combinations in these chromosomes. It must have taken a long time after the sterility mutations occurred to generate these combinations. The persistence of some sterility genes in the natural and cage populations is a significant finding in the study. OSHIMA (1962) , SPIESS, HELLING and CAPENOS (1963) , GOLUBOVSKY and VICTOROVA (1968) and WATANABE and OSHIMA (1970) reported the maintenance of some lethal genes in natural and cage populations for some years. The pattern of persistence for sterility genes was very similar to those for lethals: a high frequency of identical genes; linkage with double genes; and association with polymorphic inversions and with heterotic mutants. Sterility genes themselves, as well as lethal genes, may not show heterozygote superiority. However, if they are incorporated into a coadapted genetic system, such as an inversion, they are probably not harmful to the carriers and are maintained in the populations.
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